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the first part of this paper is a brie? suumary of 
/ ee Lj 
Our present axnovledge of the general laws of frictionel re— 
eigtence. The second rert contsins sz description end the re— 
eulte of systenetic eaperinentes cerrieds out at the Gnite 
States "xperinmertal ¥otsl Basin, Hashington, DiC. Yodan 
termine the irfluerce cf the variation of temperature on the 
frictional revietrnece expe vienced by thin straight plenes 


throug ; 
fone by water. 


& solid body soving «t constant ase oks city in a vis— 
cous fluid exporiences resietenee. “hen the tody is of §006 
etresmline form anc is completely surrounded by tke medium, 


es for exunple an airship, it is found that ac to 90% of the 


fioating ona free surface of the meciun, es for exemple s 


1 aaeed ate fricticnel RAOL ELS ‘nee is ipund to be 50 to. dite 


| the totel resist: ‘nes, denend ing On the shspe and spees of 


‘This brief reforence indic:tes sufficiently that 
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exact knowledge of the laws and nature of frictional resist— 
ence is of great precticel importence 6s well ag of theo-— 


reticsl interest. 


The theory of motion in a viscous fluid was founded 
by Navier in 1827 (Ref.1) and independently developed by 
Stokes in 1845 (Ref.2). The differential equationsdescribing 
the motions in two dimensions, known as the Nevier—Stokes 


equétions, are as follows: 
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Eqgation 1; ax e 
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The interpretation of the San in the sbove eyuetions and 
in 811 following equations has teen placed for convenience in 
the appended teble of symbols. It is seen that these equet— 
ions differ from tne well known Snler equations for non—vis— 
cous flow by the additional term Vv V”on the right side of 
eech suietacn. The preeence of these terme renders the in— 
tegration bi Cea ty difficult. Stokes, in 1861, found a so-— 
lution after making Sinplifying assumptions and wes eble to 
calculate the theoreticel resistance of a sphere moving et 


low velocity in e medium of large viscosity (Ref.3). 


The next material contribution to the theory of 
viscous fluids vas uede by Osborne Reynolds in 1683 (Ref.4).. 
Reynolds experinented vith the flow of weter in capillary 


tubes. By the ingenious method of making the flow visible. 
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through the introduction of thin threads of colored liquid he 
discovered the fsct that there are two distinet types of stable 
flow. One type, "laminser flow", stable at.low velocities, the 
other type, “turbulent flow", steble at high velocitios. 
"Leminar flew", 2&8 the name indi¢etes, consists of a smooth 
gliding action petween contiguous Leyers, giving rise to. 
sheering forces only. -"Turbulent flew" results when between 
contiguous layerd of die fluia. ena11 éXumps of particles are 
est in rotation forming tiny eddies, - whieh. in turn produce 
other eddies, the process continuing | in this way, until the 
whole mass of fluidé is in a stute of confused, ik¥egnisi: tbe. 


tion. 


Reynolds elso discovered one of the importent lews 
of similitude for the motion in 4 vieeous flaid,; which lew is 
now generelly known by his name. (Dr. Zehn ae lied the euthor’ 
attention to the fact thet Reypnoldws Lew hed been deauced thee 
retically »by Helmholtz 8.8 ery, ae 1652 (Ref.18)). This Jaw 
etetes, that if two systens moving in viscous media under the: 


exclusion of freo surfaces re to be ay Demige te ahh 93, the 


vf 


pure number R= a must te the Brme in the two systems, (ore, th 


where; v is any particular velocity,.1 a charecterietig length 
end y is the coefficient of xinemitic viscosity of the medium. 
fn expressive interpretetion of "Reynolds' nuscber “ R wae re-> ), 


cently given by v.Ssrman, se the product of the retios, ve- 


an ‘ 
sini he. thewie extension of hb body to the mean moiecue 


“Aer. seth (Ref. BY’ A proaf of Reynol as’ law cen be found in 


ve many, publications. A Tigorous proof was given by theres (Re 2.6) 


* 
; ae: L fui the Hess hend contribution to the theory of 
i viscous ‘fluids wes mede by prenitl in 1904 with bie theory 
} of she “boundary layer” vROZ <7}. PramgitL considered the mo-- 
: tion of 9 yiseous thedium arcund a epletely submerged cody. 
in order to Simpify the Zavier-Stores etnatic ons end. render 
“shen be ta at he made the following assumptions: first, 
‘the interne 1 frietion between the particles of the fluid is 
< Pde eT 
_< jeerell, bat finite; second, the flnid adheres to the eee 
axa? f iF ‘ 


an, the pressure ‘gradient worms, to the voundery Lnyer or 


i 


oh zero. | tate these as sumptions the gene ere} equations were 


ie “raduend ‘to the foltowins single Acetic gh , sale 
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ees oh Oro. ‘very tmpertent conclusions: gan bo arden fran 
paste | . mi 
fives Prenat! s ‘Weory, via: ‘ALL frictional action tekeé plece 9 
Bay aes Lusite Ef ‘parrow ‘lezer cioge to the eurzace of the body, 
ap: PT ns . ‘ } ‘ 
Rats end, outdide of this “bo undery layer’ he Tar.s of potentis OF ss 
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esl importence than turtulsnt flow. 


“hile Prenatl's theory hes thus closea & gap whick 


or uony years hes kept preoticél engineers and theoreti— 
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feng opert, it hes not vy any means solvyec gli the diffi- 
culties involved in Viscous flow. The golution of Prandtl's 
eqvation etill presents groat me themetical aiffiowlties. — 
See even more restricting is the fact thet it applies to la-— 
miner flow only, which type of flow is of muah less precti- 
R number of interesting problems we're solved by 


meers of Praniti’a theory. Tor exemple, the problem of the 


leminur Srictionel resistance of the thin straight piate mo— 


ae 
et 
is] 


g with uniforn velocity parallel to its own piane ¥a6 
gompletoly solved by Llasius (Ref.8) who founda the following . 


theoretical formuts: 


aquetion 8; F = 4327 A (h, ne (4) * 
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ia which the synbals beve the mesming given in the table of. 
e Ae: . ¥ 

evmhole. This theoretical formula has been found to agres 
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very well vith experiments (Ref. G7. aig 2 ae 


Turning our attention to the turbulent frictional. —* 


reeiatenuce of the thin straight plate moving vith uniform — 


ct 


velocity perellel to its own plane, we find very little theo- 


ry »ut numerous empirical or semisempirica® oquetions. Only 
; ne 


the «ost importent formulee wili be discussed. F 
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A -Gifferent, very instructive, methud nas worked 


TF the woasnova function y (Yt) tron the meesured velocity 
gietribution<close to the surface of the body (Ref.9, Lop 10} 
This ay uboe vée based on Praerdtl's theory of the boundary 
layer. It ie assumed that the dietritution of tke velocity 
insice of the teundsry layer undergoes a complete change, 
with tre chonge of the cherecter of the flow from laminar to 
turbulent, until & new distribution is retched at which equi- 
Pibriun of forees is reestatlisre Prandtl's theory furn— 
aeneG  generei expression. for the equilitrime of for¢es: 
saperinenis on the friction in pipes made by Blasive {Ref.12) 
furnished an expression for turbulent velocity distribution, 
Combinizg thee. two expressions by s Shera vue aps yard rate : 
mathicesl rethocs, v.kurran and Pranctl, independently of 


esch other, were led to the follovine semi-empirical formala; 
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Vaebin the range of Reynolds! numbers 2 <4 x 10 to R= 
2= 10 this equation agrees fairly well vith experiments 


nede by ieselsberger in air (Pet, 12). 


Phe étreet expeTinentel method for Finding an 
exereasion fos catpnrens fricti onal resist enoe WES uged by 

Pe “many investigetors. only the most Yapostesit onesB are mont~ i 
iene» ¥ronide (Ref.24) An 1871 ‘towed’ throveb water a series. 
“OF than boards, up to 50° ‘fest in length, Bt yarions specks 
one expreese? his resnlts by the forma: 
. MGURtIOn Rts Foe Ro Kym 

where n was found to vary sonewhet but approached the con 
stent value 1.83 for lengths Syrroaching 50 fect. "Ek" Was a 
vee ffioient varyiag with the leneth spd the nature of the 
rt ay surfece. “Yabm (Ref.16) in 1262-03 testsd thin plates ia a 


- . $ 


wind, tunnel snd neorTes the following oxpreseion;. 


~Bgnation Bag Te *F EA -coooa77e £°  yh86 de 
| It wes ehgka by bird Rayleigh that with plight modifioate 
his WARES jon fais equation sould, we throtn into the: fslhowing form: 
gt Bquetion Bb i. Fe & Ap pres Ga bi 
een. sqnetion ae tn harmony with the principle s2 dimension= 
Reet homogeneity. Gebers. (Re? » 49 2929, venoated Proude's 


" expertaente wi ith proetly ehh ve SMyPErevve asd Fitted the 
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‘feltonia eatetion to hie reaulte: 
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Wieselseberger (Ref.13) in 120 tested pletes in air and found 


the following Trormula, 
. -.15 

Fquztion 10; F = 0575 hm A = ee 
¥kich his the form derived by Rayleigh from 2ahm'’s experiments 
(Hef.15}. Yempf (Ref.17j towed pipes up to. 60 meters in length 
and later weesured the frictional dreg experiencec by a piece 
of plating fittec neatly into an opening cut into tae skin of 
8 ship ana sased on theses two kinds of tests proposed tre fol-- 
igting formula: 


f -1 
ie : ss 2 vl) 5 
Equation 1l: F = WA Av [001 + .072 (=) | 
in a1] these investigstions the tempereture influ— 
ence hed been either neglected or, hen appreciated, the ten 


perature veriation had been too small for any predise messure— 


ments of the resulting difference in resistence. 


"ne influence of veriation of tenperature of the 
mecium on the measured resistance of models hed been noted 
quite eerily in eaperinznental model basin practice. in order 
to eliminate this influence nest institutions had determined 
correction factors based on repected teste with the eume 


model. However, most of these érta have rensined unpublished 


end no uniform prectice has been. followed. After the lawa of 
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Pluad friction haé become more thoroughly understood it vas 
avparent thet the determining f»ctor in the temperature in- 


fineness was the viscosity of the medium. 


For the present purposes, viscosity may be defined 
es that property of a’ medium which gives rise t) sheering 
forces. The dinensions are fore’ per uni’ ares multiplied 
uy time. in practice it is found acre covenicat to use the 
retio viscosity coeificient Meiviced Ly whe aeneibty de which 
ratio hus received the naxe “coefticient of kinemetice viscos- 
ity" and is denoted by. Its dimensions ere thet of an arce 
divided by time. In Tatle 1 sre given the values of v ané 
the specific grevity y for water at various temperatures in 
the English engineering system of units. This, table is Lased 
on uate puclisned in the Srithsonian Tebles, 7th edition of 


1923, 


“% 


fguaetion 5, repeated here for convenience, Fe pAv“« 
« 4 (0#) conteins y involved in the unknown function y(¥4). 
Inasmuch 6S the three veriebies, the epeed v, the length.4i, 
and the coefficient of kinematic viscosity Y are indepnend— 
ent of seach other, 2 variation of any perticular one will 
allow the evaluation cf (ve \ by experinent. For the rea- 
stn of experimental simplicity most investigetors had veried 
end the length i at gonstent dn “idles, constant 


¥ 
viscosity » . In the previous discussion, te have seen thet 


... All the eesentig] details of the saber apperctua. are ahora we 
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the function wR) determined in this way, aiffera considerably 
in the rwarions formire ©, hence, it has seemed worth. while to. 
supplement existing cate by systenatic expe rinents, varying 
the véscasity V «and the speed v st constent Jength. Viscose 
ity can tbe veriea in tvo aeys: First, by verying the vediun 


iteelf. fecond,-bvy varying the tervereture. For the present 


r ! ‘ 
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tests, the letter alternstive was ehosen.* ©, ae Yen 


Spiteble for this purpose, the Waited States Sx 
perimontél Model Basin possesses & small towing tank 5b ee. 
¥ect long by 4 feet wide by 22 inches deep. | Phe photograph, 
Slete 1, shows the veter surfeee and ono gide wei of the +) 
tank. s£ftention is eslled to the test mony, in bi forsground 


of the photograph. Yoiscts ore toned by beens. ot a falling . 


‘weight, accelersting, until the registende "be equei bi he 


towing weigit and traveling fier eaftter at constant, speed. fas 


riete 2. tn che foreproand of this PRate -< ey ‘be seen che 


iging whesl-nounted on sensitive veerings. & eimiler ynaed, 


ead 


inside of the tox at vane farther end of ‘tne tenk. The. 


tae 
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erevitational pull on the felling veight exert & torgue 

6n the axle of the driving gehaher oy Chis torgue A: & vo 
ing force at the periphery. sf the wheel equai to une tenth 

the falling weigit. An endless silk cord stretched tightly a 


petween the two wheels transmits the towing force to the body. 
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“the  seveitivity of $rs arparatnus 1s totver than .0001 1b.) The 
épperetae, by Lean of whic! the sveeg of the body is measured, 
“my be seen at the jeft of the phetogreph. It eonsists of a 
eben of paper driver by an electric nator at constant snecd 
t on which ure recorded SIeetricnily the distance traveles by 
‘the, ody ard, pimuiteangeusly the ewingr of a second pendulum. 


va 
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At the suggestion of cepthin xgeerv, é okke cared 
friction plane wes chosen for the test. Sy tuis term is 
resent, two thin flut boards of equel dinensiont rigidly coanset-— 
ed ta each other ebove the water line. This.tyne of sody ha 
“the sdventage of being completely Watathor rne, possessing great 
Latereld stability and a tee rea ot netiea eurfses. Dhs 
Eaeeite, vlete 3, end the photograph, Plave Sa, show £11. the 
eeeentie? detsiis oe the doay. In fixing the dimenbiche oe 
‘the plane to” things bat to be Gons idered, tirst, not to make 
the plane larger han Bare leh ia accomodeted in the tasin,  sec- 


A: 


“one, neh te make it tou ‘pwnd, $0 as te obtain forces of rea 


pis: 


sonable engnitade. ; The iidenstone ea the piane finaily chosen, 


wares 36 inehes far. the Longtn, 42 inehes for the depth, ane 


_bue. neae tne for the. shicneds Qt. the water Line, tapering to. 


one eiguth dneb et the heshes edges. gne teo individuel planes 


. were i aaa 16 inohew apert. Thies lefi a space cf 16 ivcres 
St, oe 


the Jasin. 


She plane Bes nade in the shops of the Model Lasin 
or clear write pine , totes up in ieyers, ead osrefuliy work+ 
ed &foxn on both sides to the Specified dimenatone. After 
having been esrefully auvothed and gandpapered, if tes cuver— 
¢ Wivh peyeral costs of pring and tue coats of eieer vernish, 
The weight $f the finished plane was tS be. SS thet dis- 
placezcnt at fisated si about two thirds oF the 4uvended draft, 
Five pieces of Lewd bullast Weighing vygether 2.10 Lb8« 


brought tac plane t) tne design ied draft, of 12 inches. The 


ty 


ballast wes arrenged in such a way phat it cotta he shifted 
dongitu@inally. in this way the Sx Sula couple: of the towing 
foree “was comnteracted and the plane, 32 even keel at 611 speeds, 


. 


She first. eat of observatique has nade in Septaaues 
y 


eae ss pas the yodnits given ia Febdile 5. ght & cost brought out 


several ‘important, pointes ‘First, it ves fone inedvisable to 
exceed apeeds of 2.7 Leet per second on account oy a ‘eppreciable oy 
weve taking | et thet Spead. Second, the lovest precticai sid sam 
vee found $e be “50° feet per: second. belicw this speod the 
readi ng bec: me erratic. Third, ‘it yee found ‘thet! iu: Bpite of 
Nas tho rounddéa - forward sia id of the plano. mined” Piow, tie. pert. 
| “lapines Bnd part burbuléns Liow, ivevesies So. elue st the high- 
eat pe FAaCtiCeEl apoua. “Ties tess otjadction aS vvareome in ail 
prbesg vent ests by the aise Bho forward 6ag08 of” 


tees 


the plane were eovered Kith’ frean vernish and then coated with 
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fine send over a length of 4 inches. After the varnish had 
dried "Fixatif" was sprayed. over the sand. The roughness ob- 
tained in this vay corresponded approximétely to thet of numiar 
two sandpaper. This method proved entirely successful in treak- 
ing up the lerinar flow at very much lower Keynolds' numbers 


end rendering it turouient for the whole length of the plane. 


A series of observetions st high temperature were 
teken next. inasmuch as the weter wes tented by meens of 4 
steam pipe placed slong the bottom of the tank, any desired 
temperéture could be reached. Nevertheless, it vae found that 
et temperatures cover 100 degrees F., the radiation from the 
surface became very rapid, even at a room temnerature at 97 de- 


grees F. Furthermore at temperatures of 120 degrees the varn-—- 


‘igh was found to have softened. Consequently, the date of the 


120 degree run were later rejected, while the data cf the 110 
degreegand 100 degree runs were given less value in the inter— 
eretetion of the duta. The data at low temperatures were teken 
in January and February, 1950. The heat wae shut off from tke 
room in vhich the tank wae locateé and the windows were kept 
open. Ey these means the temperature of the weter wee reduced 
to 48 degrees F. Leter ice and clesn snow were/sdded to the 
tank water, thereby reducing the tempereture ti 43.5 degrees f., 


the lowest tempersture at vhnich a set of observations wes tekken. 
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ths procedure in each test was the wens. A fixed 

Weignt vas vlacesé on the scale pan of the towing dynemometer 
enc when the plans wae treveling et constant ape ea, after 
having covered about one half the length of the tank, epeed 
"eacurersnis were tsken. vo or threo runs rere made with 
¢ach icad and the recorded Specas were averaged. The average 
Seviation from the mesn speed was .0027 ft, per second. The 
results of the runs ere given in che 4 ppended tables 2 %0 Lies 
In these tebles are set down side by side: The tempersture of 
the veter*which was checked at frequent intervals: the meesured 
Speed in feet per Second; the gross resistance which is equal 
“to one tenth of the weight on the acale pan; the tare resist— 
&nCe which was found to vary according to the equetion; Tare 
-00258 + .00029v; the net resistence F; the “mean specific re— 
Bistence" CF , and Reynolds’ number ER = ae ° “The mega cpe- 


cific resistence is defined vd the squation: 


Equation 12: Cr PLA re e 


in whieh the vetted surface A wes taken as 12 wa: 26. ob a. 
vempereture of 67 degrees F., at which Vener ates the plane 
aad been trimmed as closely as possible to a axett of. te inches. 
For the other - temveratures the assumption wes rade thet oho } 


wecved surface varied inversely as the two thirds power of th 


e 
éensity This is strictly correct only in the caee of similer. 
models, tut the error committed ih assuming it tre céh not be. 
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ON Bartel “pe meen epectfic resistance ¢, w6s firet plotted: . 
A ee a eee sbecizee, which phot ig ghavn in Pinte 4a. f 
yo eal i #S, be 
eae ay i: tamperature group of spots 
EPS se Ate! o1oRe & ‘oporete and distinct ourve 
Rahesichc eget ‘Wext, ‘the deta were plotted as shown in viete 4. a 
a mey be reoellea ‘thet @uring the course of e run the load 3 
i Pita the towing ‘dynemone tor wee held conet ant. Hence, eye 
hs  epen ¢ constent losa a series of spote vas obtal ined, ehowine \ 
| oe, ‘aivectay the ‘yarietion of specd with viscosity. it i8 econ is 
“thet the spote can weil he represented by ptreight ae ines dat . 


ue | logestthate paper.’ 
. Bags the. next etep, ths mean specitic resiatance tos 

Mine Page “ys plotves. on ‘Reyuode’ nuiber R= Brod as the ebecisse,, Haare 
: ae see manly s 

J is shovin in Plate 6. It appears at once, that on this. ey J 


a ee. 
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 eede ell ‘the ‘gpote for the roughened lune define one single” 


Ber "curve whieh is. @ivided into three parts. Tram this fect: ae 
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“When, neverthelese, 


Gone with the though 


of comparing then wit 


tat 


toe Gate are eveluated fortiey this is 
% in wind of finding @ convenient means 


nb ther test results, rather than of set-- 
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.in this paper ere described teets whieh were nede 
at the United Stetes experinentel Yodel Basin with a 3'z 1! 
catanmeren friction plene, in order te determines tne influende 
of temperature on the frictionsl resistance cf plane surfaces, 
towed in wster. both, the speed of.the phane and the tea- 
perature of the water were varied. The mesn specifie resis— 
tance vas found to vary with the spsed of the plane and the 
tempereture of the water according to Réeyleigh's law. + 
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